The extensive Early Jurassic continental strata of southern Africa have yielded an exceptional record of dinosaurs that includes scores of partial to complete skeletons of the sauropodomorph Massospondylus, ranging from embryos to large adults. In 1976 an incomplete egg clutch including in ovo embryos of this dinosaur, the oldest known example in the fossil record, was collected from a road-cut talus, but its exact provenance was uncertain. An excavation program at the site started in 2006 has yielded multiple in situ egg clutches, documenting the oldest known dinosaurian nesting site, predating other similar sites by more than 100 million years. The presence of numerous clutches of eggs, some of which contain embryonic remains, in at least four distinct horizons within a small area, provides the earliest known evidence of complex reproductive behavior including site fidelity and colonial nesting in a terrestrial vertebrate. Thus, fossil and sedimentological evidence from this nesting site provides empirical data on reproductive strategies in early dinosaurs. A temporally calibrated optimization of dinosaurian reproductive biology not only demonstrates the primary significance of the Massospondylus nesting site, but also provides additional insights into the initial stages of the evolutionary history of dinosaurs, including evidence that deposition of eggs in a tightly organized single layer in a nest evolved independently from brooding. O ver the last three decades, numerous discoveries of eggs, embryos, and nesting sites have greatly increased our knowledge of the evolution of reproductive behavior in nonavian dinosaurs (1, 2) , including finds of brooding maniraptorans (3, 4) , eggs preserved in the body cavity of a mother (5), and vast "rookeries" (6, 7) . However, almost all of these fossil localities date from the Late Cretaceous, toward the end of the "Age of Dinosaurs." Data on the reproductive biology of early dinosaurs have been limited, and, although eggshell and isolated eggs have been reported from Late Jurassic strata (8) , to date only two Jurassic examples of dinosaurian egg clutches and in ovo embryonic remains have been documented in detail. One comprises more than 100 eggs and associated embryonic skeletal remains of the allosauroid theropod Lourinhasaurus from the Upper Jurassic of the Paimogo site near Lourinhã, Portugal (9) , and eggs containing exquisitely preserved embryos of the sauropodomorph Massospondylus from the Lower Jurassic of Golden Gate Highlands National Park, South Africa (1, 2). The extensive Early Jurassic continental strata of southern Africa have yielded scores of partial to complete, articulated skeletons of the sauropodomorph dinosaur Massospondylus, ranging from embryos to large adults (10) . In 1976 a block of reddish-brown siltstone containing partial egg clutch with in ovo embryos of Massospondylus was collected from talus at a roadside exposure, known as Rooidraai ("Red Bend"), in Golden Gate Highlands National Park, South Africa (Fig. 1) . The source horizon for the block at the locality was uncertain. An excavation program at the site started in 2006 has led to the discovery of several in situ egg clutches and recognition of the earliest known dinosaurian nesting complex at the Rooidraai locality.
Results
Our work at the Rooidraai locality has yielded multiple in situ clutches of eggs as well as fragmentary eggshell and bones, all from a 2-m-thick interval of muddy siltstone 25 m from the top of the Lower Jurassic Upper Elliot Formation ("Stormberg Group," Karoo Supergroup) (11) . We refer these finds to the same taxon as the partial clutch containing in ovo embryos of Massospondylus collected in 1976 because the eggs are closely similar in size and structure, and the exposed embryonic bones are indistinguishable from the previously described remains (1, 12) .
In total, 10 clutches of eggs (N1-N10), 8 of which occurred in situ, were identified across a 23-m-wide by 2-m-thick outcrop area in the lower portion of the muddy siltstone unit at Rooidraai. The egg clutches occur in at least four discrete levels, with two clutches of uncertain provenance recovered from the talus slope. All eggs were found in clusters at Rooidraai, and there is not a single occurrence of individual eggs. The most completely prepared clutch (Fig. 2B ) comprises at least 34 eggs. It is complete on three sides, but it is unclear how many eggs were lost along the eroded edge. As in birds, the eggs form a single layer in each clutch. The eggs are tightly packed together and deposited into recognizable rows ( Fig.  2 A and B) . Given the large size of adult Massospondylus, it is likely that the mother organized the eggs after laying them in the nest. However, the egg clutches at Rooidraai lack definitive sedimentological evidence of nest construction (13) .
A few meters below the nest-bearing unit is a 17-m-thick fluvial sandstone with large-scale lateral accretion macroforms, which we interpret as a high-sinuosity meandering channel complex, the content of which rapidly fines upward. The egg clutches occur near the base of a 10-m-thick succession of muddy siltstone, which is composed of numerous fine laminations and 1-to 5-cm-thick beds of laminated siltstone that bear current-ripple marks and typically fine upwards into pure claystone. Many of these laminae and beds have small desiccation cracks on their upper surfaces. Other beds within the interval also preserve ripple and wrinkle marks.
Small calcium carbonate nodules of presumably pedogenic origin are distributed fairly randomly within the silty mudstone unit and are mostly allochthonous. The ubiquitous deep red color of the silty mudstone unit indicates rubification, which is typical of oxidation of iron-bearing minerals above the water table. These combined features indicate that the depositional setting was fairly arid during this time period. The fine-grained nature of the sediment and small-scale sedimentary structures that developed at the site attests to the relatively low intensity of repeated flooding events that led to vertical accretion and filling of the floodbasin depression.
Bioturbation is exceptionally common throughout the 10-mthick muddy siltstone unit and is dominated by small, indeterminate burrows and root traces. The trace fossils comprise common unlined vertical and horizontal burrows (Skolithos and Planolites, respectively), lined, meandering horizontal burrows (Paleophycus), and meniscate, back-filled horizontal burrows (Taenidium).
Although no unequivocal tetrapod tracks have been found in situ within the nest-bearing succession, several talus blocks of muddy siltstone have been found with very small tetrapod tracks and fish swimming traces (Undichna sp.). Numerous tiny prints are scattered over the slabs but it is difficult to trace individual trackways. Nevertheless several manus-pes sets are present and a number of partial trackways can be delineated (BP/1/6923a,b) and are referable to Massospondylus. These footprints are preserved mostly as natural casts (convex hyporeliefs) on the undersides of fine-grained sandstone slabs that have parted along mud drapes. The pes prints closely match those referred to the ichnogenus Otozoum, which have also been attributed to sauropodomorph dinosaurs (14) . The digitigrade, mesaxonic pes prints are tetradactyl with subparallel digits II-IV. Digit I is shorter than the other three and tends to diverge slightly. In well-preserved prints, digit I bears a distinct claw impression ( Fig. 3 A and C) . The clearest pes prints (BP/1/6923a; Fig. 3 A and C) show weakly impressed phalangeal-metatarsal pads behind the digits, including a large, semicoalesced pad behind digits III and IV, which is also present in Otozoum. The principal difference between the Rooidraai tracks and Otozoum is the absence of a posterior pad produced by digit V in the former.
Discussion
Sedimentological data indicate that the climate in this region was at least seasonally arid at the time of deposition (15) . Much of the finegrained silt in the Upper Elliot and Clarens formations has been interpreted as loess (11) , which presumably spread across the region as the climate became warmer and drier, in advance of the large dune fields that covered much of southern Africa and characterize the Clarens Formation. Sedimentological evidence also points to a transition from a large, sinuous meandering channel belt to a sequence of relatively homogeneous muddy siltstones, with evidence of ponds and repeated wetting and drying events in the immediate vicinity of the nesting site. This suggests that either an ephemeral lake margin in a flood basin or the vicinity of an oxbow lake was the setting for the dinosaurian nesting site at Rooidraai. The presence of fine laminations, small desiccation cracks, wave ripples, and wrinkle marks at the site indicates a depositional setting characterized by repeated low-energy flooding events and ponding, usually followed by desiccation. Nearly the entire 10-m-thick lake or abandoned channel-belt pond sequence reflects repeated inundation, presumably during seasonal overbank flooding from nearby channels. On the basis of in situ clutches, many eggs and egg clutches are preserved whole, suggesting that they experienced rapid burial and thus were not vulnerable to disintegration, predation, and trampling during subsequent breeding seasons.
Bioturbation in the immediate vicinity of the clutches and the tight arrangement of eggs within clutches in the flood-induced burial suggest that the eggs were at least partially buried in the substrate. The latter interpretation is further supported by the very thin (about 0.1 mm) eggshells, which suggest a low-oxygen, high-carbon dioxide, high-humidity nest environment (16) .
Although the precise time interval separating each nest level is difficult to assess, there is sedimentological evidence for up to 20 individual events of low-intensity flooding between the principal nesting levels. The site was presumably a seasonably favorable nesting location because of its proximity to a pond (and associated vegetation) and the availability of soft sediment for excavation of nests. The Rooidraai locality likely preserves many more egg clutches of Massospondylus than identified by fieldwork to date, but the current steep cliff-face exposure of the site limits our ability to map the full spatial extent of the nesting site. We hypothesize that the preserved nests represent exceptional circumstances, where the nesting colony, or part of it, was affected by unusually intense or out-of-season flooding events that led to burial and preservation of egg clutches before hatching.
The Rooidraai nesting site represents by far the oldest known mass accumulation of dinosaurian egg clutches. Similar nesting sites for titanosaurian sauropods and hadrosaurid ornithischians are more than 100 million years younger (6, 17) . This abundance of in situ egg clutches within a restricted geographic and stratigraphic interval provides the oldest known evidence of egg-laying behavior in dinosaurs (or for any reptile) and provides further insights into possibly plesiomorphic reproductive behaviors among dinosaurs. The multiple occurrence of egg clutches within at least three stratigraphically distinct layers (Fig. 1B) indicates that at least two or more Massospondylus nested at this site on at least four separate occasions. Similar evidence has been used to infer colonial nesting and/or site fidelity (defined as the repeated ) cm, claw mark; lpI, first left pedal digit; lpII, second left pedal digit; lpIII, third left pedal digit; lpIV, fourth left pedal digit; pmI, phalangeal-metatarsal pad of the first pedal digit; pmII, phalangeal-metatarsal pad of the second pedal digit; pmIII+IV, coalesced phalangeal-metatarsal pad of the third and fourth pedal digits; rmI, first right manual digit; rmII, second right manual digit; rmIII, third right manual digit; rmIV, fourth right manual digit; rpI, first right pedal digit; rpII, second right pedal digit; rpIII, third right pedal digit; rpIV, fourth right pedal digit.
use of a preferred nesting site by several members of the same species rather than a single individual) in various Late Cretaceous dinosaurs (18) (19) (20) (21) .
Additional behavioral evidence is provided by tracks and partial trackways referable to Massospondylus recovered from the site (Fig.  3) . They establish that hatchlings were moving around the nesting site in a quadrupedal manner, as was predicted from their skeletal proportions (1, 12) . The manus prints are rotated outward relative to the pes prints so that the palm faces the midline of the trackway and manual digit I points anteriorly. This lack of pronation of the manus is in accordance with the skeletal structure of mature Massospondylus. None of the impressions of manual digit I include anything more than the base of the digit, indicating that the large claw of this digit was held clear of the substrate surface during locomotion, as has been inferred for adults (22) . On the basis of both the length of the preserved metatarsals of the near-hatching embryonic Massospondylus and the reconstruction of the pes (12), we can estimate that a hatchling would leave a pes print little more than 7 mm in length. At least two class sizes of prints are preserved at the site, the largest pes prints being ∼15 mm long. The presence of these trackways at the site indicates that Massospondylus juveniles remained at the nesting site for some time after hatching, long enough for growth to have at least doubled the linear measurements of the foot, predating previous reports of extended nest site occupancy by more than 100 million years (8) .
To unravel the complexities of dinosaurian reproductive biology, we undertook a comprehensive optimization of various behaviors in a time-calibrated phylogenetic framework (Fig. 4) .
This analysis highlights the fact that well-studied egg occurrences remain unavailable for most nonavian dinosaurian taxa, and their Mesozoic archosaurian relatives, including crocodylians and pterosaurs (23) (24) (25) . Evidence for avian nesting is also unknown from Mesozoic deposits.
Although nesting-site fidelity and gregarious nesting behavior are often associated with extant birds, they are also present among extant crocodylians (23) . When data from dinosaurs are interpreted in a phylogenetic context (26) (27) (28) , gregarious nesting (or at least clustering of nests in a preferred area) and site fidelity appear plesiomorphic for dinosaurs (Fig. 4) . Optimization of dinosaurian reproductive behavior within this context also indicates that tight clusters of eggs organized into a single layer and subspherical rather than elongate egg shape also characterize dinosaurs. However, the rarity of well-studied Mesozoic egg occurrences, and the considerable variability of nesting behaviors among extant birds and crocodylians, raises the possibility of multiple, independent evolutionary origins of some of these behaviors. Furthermore, presentday crocodylians and birds have highly specialized modes of life that fundamentally differ from those of nonavian dinosaurs, underscoring the significance of the Massospondylus nesting site for understanding the evolutionary history of reproductive behaviors in dinosaurs.
Another line of evidence (Fig. 5) , the relationship of clutch size to adult body mass in Massospondylus, provides additional support for the hypothesis that a relatively primitive form of parental care was plesiomorphic for dinosaurs (29, 30) . The egg clutches reported here show that the previous analysis significantly underestimated . This illustration underscores the rarity of nest information in Dinosauria, and their temporal distribution. Although eggs of pterosaurs and crocodylomorphs have been recently reported, little useful nest information is available for these archosaurian outgroups to dinosaurs (24, 25) and is not included here. Square boxes to the Left of the major clade names indicate presence (solid box), absence (diagonally divided box), or unknown condition (empty box) for the following characters (listed above the boxes): 1, evidence of nesting-site fidelity; 2, evidence of gregarious nesting; 3, nests organization consisting of a single layer of tightly clustered eggs; 4, elongate egg shape (absence denotes spherical eggs); 5, evidence of brooding. Saurischian tree topology is from Zanno and Mackovicky (26) and Martínez et al. (27) ; ornithischian tree topology is from Butler et al. (28) .
the clutch size of Massospondylus because its estimate was based on the incomplete original clutch of only 8 eggs. These more complete clutches of eggs indicate that at least one clutch comprises at least 34 eggs. This clutch size for Massospondylus precludes paternal prehatching care of offspring as suggested for some maniraptorans, but is not inconsistent with the plesiomorphic condition of limited parental care, as was previously proposed for this sauropodomorph dinosaur (2) .
Nest attendance in Massospondylus, and all nonavian dinosaurs, may also be inferred from phylogenetic bracketing, as most extant archosaurs attend their nests (31, 32) . However, Massospondylus provides important reproductive data for sauropodomorphs before the evolution of gigantism. The enormous size difference between the tiny hatchlings and often giant adults of titanosaurian sauropods and close proximity between egg clutches in nesting sites of these dinosaurs suggest little if any parental care in this group. The data reported here support the hypothesis that absence of parental care may be a derived condition associated with the evolution of gigantism in this group (6, 7).
The subspherical shape of the eggs of Massospondylus is similar to those of sauropods and hadrosaurs and differs from the oblong shape found in some more derived theropod groups including birds. Eggs are not paired within the clutches of eggs of Massospondylus, which suggests that these dinosaurs resembled extant crocodylians in the shelling and deposition of an entire egg clutch en masse, rather than the derived mode exhibited by maniraptoran theropods, including birds (4, 5, 33) . In general, it appears that tight clusters of eggs and organization of eggs into a single layer are the only aspects of reproductive behavior shared by nonavian dinosaurs and birds. Thus, the egg clutches of Massospondylus provide unique insights into reproductive strategies in early dinosaurs, and suggest that certain more derived avian reproductive traits, such as enlarged clutch volumes, bird-like egg laying, and brooding, evolved subsequently only among theropod dinosaurs.
Materials and Methods
Building on preliminary investigations in 2004 and 2005, our team has conducted five additional field trips to Golden Gate Highlands National Park, South Africa, excavating the clutches and collecting detailed sedimentological data. Two clutches of eggs (BP/1/5347a,b and BP/1/6229) were prepared for study at the Royal Ontario Museum and University of Toronto Mississauga. Multiple stratigraphic sections were measured in the park at various outcrop localities to establish the overall depositional context, whereas four highly detailed, centimeter-scale sections were measured across the 20-m-wide clutch-bearing interval at the Rooidraai site. Lithofacies, facies associations, and architectural elements were diagnosed and interpreted following a modified version of Miall's classification system (34) . Detailed attention was paid to the identification and interpretation of sedimentary and biogenic structures. Paleocurrent data were measured in the field using the axes of exposed wave and current ripples, trough crossbeds, and on (rare) sole structures. Thin sections were made for rocks from the nest and other horizons to observe microscale fabrics, grain size, and sediment maturity. Photomosaics were produced to assess the lateral relationship between clutches and to establish correlations across the Rooidraai cliff face.
The dataset of Varricchio et al. (29) was used to document the relative clutch size of Massospondylus in the context of other archosaurs and to grossly assess the possible parental care system adopted by Massospondylus and other dinosaurs other than theropods. This was based on regression relationships between body mass (with an updated mass estimate for Massospondylus) and clutch mass relationships and their four parental care types. The clutch presented here of Massospondylus eggs was used to estimate clutch volume for this taxon. Fig. 5 . Plot of clutch mass versus body mass in archosaurs. Clutch volume versus adult body mass for extant archosaurs is divided into four taxon/care models (29) . Color code for all graphs: green, crocodylian-maternal; black, bird-biparental; orange, bird-maternal; blue, bird-paternal. Red symbols represent nonavian dinosaurs: red diamonds, sauropods; red circles, hadrosaurs; red triangles, theropods other than birds; red star, Massospondylus, with range bars indicating minimum and maximum body mass estimates. Dinosaurs were not included in the regression models. The clutch size for Massospondylus precludes paternal care of offspring as suggested for some maniraptorans, but is consistent with the plesiomorphic condition of limited maternal care.
